In order to investigate the relevance of the equilibrium crystal shape of a nickel particle during carbon nanotube growth, we have performed self-consistent pseudopotential density-functional calculations. The nickel particle's equilibrium shape is obtained from the Wulff construction using the calculated surface energies. To understand the role of facets of the nickel particle, we investigate the adsorption and diffusion of the carbon atom on the nickel surfaces. The desorption energy of the carbon atom and the activation energy for carbon diffusion are found to be very different on different low-index facets, thus diffusion behaviors will also differ. It is found that the {111} and {110} facets are likely to be more reactive compared to the {100} facet. Therefore, the facets of the nickel particle will play an important role in carbon nanotube growth.
Introduction
Due to their potential technological applications, such as in field emission displays and fuel cells, tremendous effort has been made to synthesize carbon nanotubes (CNTs) using various methods. In particular, the chemical vapor deposition (CVD) method has recently enabled the fabrication of well-aligned CNTs. These well-aligned CNTs are particularly necessary for application to field emission displays. Transition metals such as Fe, Co and Ni play an essential role as catalysts in the growth of CNTs resulting from the decomposition and reaction of hydrocarbons. In the CVD process, hydrocarbons such as acetylene, ethylene and methane are conventionally used as precursors. Catalysts can be prepared in the form of particles by the etching process. The size of the catalytic particles is known to determine the size of the CNTs. While it is well known that metal catalysis is the key to the formation of CNTs, the exact role played by the catalytic particles in the growth process remains to be investigated. Since the reaction or decomposition occurs on the surface area of the catalyst, we investigate the surface properties of the catalyst particle and the adsorption of carbon atoms on the catalyst surfaces. Among catalysts such as Fe, Co and Ni, the CVD process using Ni as a catalyst shows the fastest growth mode (of carbon filaments). 1) In this study, we first calculate the surface energies of low-index nickel surfaces. Then we obtain the equilibrium shape of a nickel particle from the Wulff construction using the calculated surface energies. Finally, we investigate the adsorption and diffusion of carbon atoms on the nickel surfaces in relation to CNT growth.
Calculations
The calculations are carried out within the pseudopotential plane-wave method using a spin-polarized version of the Vienna ab initio simulation package (VASP). 2, 3) The generalized gradient approximation is used for the exchange correlation potential. Plane waves up to an energy of 287 eV are included to expand the wave functions, and the nickel and carbon atoms are represented by ultrasoft potentials as provided with VASP. 4, 5) To investigate the equilibrium crystal shape, we consider the low-index nickel surfaces such as (111), (100), (110) and (311). In the surface calculation, the theoretical lattice constant (3.53 # A) of fcc nickel is used, which is in good agreement with the experimental value (3.52 # A). In order to obtain the surface energies, we use a symmetric slab model with a (1 Â 1) surface supercell consisting of seven layers of nickel, and a vacuum region equivalent to about 10 # A. For the Brillouin-zone integration, we use the 8 Â 8 Â 1 grid in the Monkhorst-Pack special point scheme. Also, for calculations of the C/Ni surfaces, a (3 Â 3) surface supercell with five layers of nickel is used for each surface, and the 3 Â 3 Â 1 grid is employed for the integration. A Gaussian broadening with a width of 0.02 eV is used to accelerate the convergence in the k-point sum. Atoms are relaxed with a residual force smaller than about 0.01 eV/ # A.
Results and Discussion

Surface energies of nickel
The formation energy of a bare nickel surface is defined as ¼ E À n Ni Ni , where E is the total energy of the given surface obtained from the self-consistent density-functional calculations at zero temperature. Here, n Ni is the number of nickel atoms and Ni is the chemical potential for which we use the bulk energy of nickel. The surface energy is then taken as the formation energy divided by the surface area. The results show that (i) among the four nickel surfaces under consideration, the (111) surface has the lowest surface energy, and (ii) the surface energies of the other two surfaces, (110) and (311), are very similar. The results of surface energies are given in Table I . These are compared with the experimental value 1.85 J/m 2 , obtained for the nickel solid at 1250 C. 6) The theoretical values are smaller than the experimental value, which is expected because the dependence of surface energy on temperature is usually given by the relation % 0 ð1 À T=T c Þ, where T c is the critical temperature at which the condensed phase vanishes and 0 is the surface energy at T ¼ 0 K. 6) For the (111) surface, a small inward relaxation (À1:3%) in the first interlayer spacing is found with respect to the unrelaxed bulk interlayer spacing, while the other interplanar distances are substantially unchanged. This is expected since the (111) direction is the close-packing direction in the fcc structure. The inward relaxation in the first interlayer spacing increases from the (111) surface to the other surfaces (see Table I ). The smaller surface energy of a surface implies a smaller relaxation in the first interlayer spacing of the surface: An inward relaxation of À3:5% is found for the (100) surface, while relatively large relaxations are observed for the (110) and (311) surfaces.
Equilibrium shape of nickel
To construct the equilibrium crystal shape from results of the calculated surface energies, we follow the procedures given in ref. 7 . First, we mark the surface energies (i.e., four points of ''Wulff plot'' in the polar form) of the (100), (111), (110), and (311) surfaces along the four directions from the origin. The magnitudes of radius vectors from the origin to the four points correspond to the surface energies of each surface. It is then assumed that the Wulff plot makes concave contact with those points. When a plane (''Wulff plane'') perpendicular to a radius vector is constructed, the enclosed volume of these planes determines the crystal shape. This procedure gives the equilibrium shape of a nickel particle viewed from the [01 "
1 1] direction in Fig. 1(a) , where the (311) facet is seen along with other low-index facets. The existence of the {311} facet is also demonstrated by the fact that the following criterion for (311) to be stable is satisfied: ð311Þ < 2= ffiffiffiffiffi 11 p ð111Þ þ ffiffiffiffiffiffiffiffiffiffi 3=11 p ð100Þ. 7) Similarly, for another view of the equilibrium shape, we project it onto the xz plane, shown in Fig. 1(b) . The smaller surface energy per unit area of a surface means easier formation of the surface and usually larger area of the facet; the surface area of the {111} facet on a nickel particle is largest. Therefore, the {111} facet can be formed more easily than other low-index facets.
In the experiments on CNT growth, the nickel can be prepared in the form of particles by etching the nickel-coated substrates 8) or the nickel substrates. 9) Since the surface area of the {111} facet is largest, when precursors such as C 2 H 2 and CH 4 adsorb on the nickel particles, they are more likely to first sit on the {111} facet than on other facets, and then start to decompose in the initial stage of the CNT growth. The hydrocarbons are known to easily decompose into carbon and hydrogen on transition-metal surfaces. 6 ) Then hydrogen usually desorbs in the form of H 2 under the CNT growth condition, and carbon atoms will cover the nickel surfaces and start to diffuse and react with each other. Therefore, the behavior of carbon atoms on the (111) surface has to be studied in the initial stage of growth. Since the nickel particle consists of several facets, it will also be important to consider the role of other facets such as (100) and (110) in the diffusion of carbon atoms in order to understand the CNT growth mechanism. The diffusion and reaction problem of carbons is an important issue in relation to the CNT growth showing a tip growth mode when nickel particles are used as catalysts. [8] [9] [10] [11] In the next section, we will investigate the adsorption and diffusion of carbon on the nickel surfaces.
Adsorption of carbon on the nickel surfaces
To understand the behavior of carbons in the initial stage of the CNT growth, we investigate the adsorption and diffusion of carbon atoms on the nickel surfaces. Here, we focus on single-carbon diffusion because it is the most basic among diffusions of carbon atom composites such as monomer, dimer, etc. The desorption (adsorption) energy E des (E ads ) per carbon atom from the (111) surface is defined as the energy difference per surface site between the carbonadsorbed surface and the bare surface plus a free carbon atom. On the (111) surface, the hcp (H) site is the most stable and its desorption energy is 6.28 eV per carbon atom, while the fcc (F) site is approximately 0.1 eV/C less stable than the H site. The hcp and fcc sites on the (111) surface are shown along with other adsorption sites on the (100) and (110) surfaces in Fig. 2 , where the (1 Â 1) surface unit cell of each surface is shaded. On the (100) surface, the strongest binding site of carbon is the central (C) site of the (1 Â 1) surface unit cell. On the (110) surface, the long-bridge (L) site of the rectangular (1 Â 1) surface unit cell is the most stable (E des ¼ 6:76 eV), while the central (C) site is slightly higher in energy by 0.04 eV/C than the long-bridge site. Desorption energies of carbon on the strongest binding site are shown for each surface in Table II .
In order to investigate the diffusion behavior of carbon atoms, we estimate the activation energy ÁE a of each surface by calculating the potential energies of certain points
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[311] Fig. 1 . The projected crystal shapes of a nickel particle are viewed from (a) [01 " on each surface unit cell. As a result, we obtain the (approximate) activation energy for carbon diffusion of each surface, as shown in Table II . The diffusion from ''H'' to any closest position ''F'' on the (111) surface requires an activation energy of about 0.4 eV. Since the activation energy of carbon on the (100) surface is very large, the diffusion of carbon on the surface is less likely to occur compared to that on other surfaces. On the (110) surface, the diffusion of carbon will occur along the direction perpendicular to the long bridges with a diffusion barrier of about 0.4 eV. The calculated activation energies are compared with the experimental value of 1.43-1.51 eV for carbon diffusion.
12)
On the (100) surface, the desorption energy and the activation energy are largest, thus the carbon atoms are likely to strongly adhere on the (100) surface. Therefore, the (100) surface will be quickly covered by carbon atoms. On the other hand, the (111) and (110) surfaces show relatively weak binding and small activation energies, so carbon atoms will diffuse more easily on the {111} and {110} facets than on the {100} facet. Thus, the {111} and {110} facets of the nickel particle are likely to be more reactive compared to the {100} facet. As seen, the desorption and activation energies are different on each facet, so the diffusion behaviors of carbon atoms also differ. Therefore, the facets of the nickel particle will play an important role in the CNT growth.
Summary
We performed total-energy calculations for nickel surfaces in order to obtain the equilibrium shape of a nickel particle and to investigate the adsorption of carbon on nickel surfaces. The study of the nickel particle's equilibrium shape using the Wulff construction shows that the (111) facet has the largest surface area in the crystal shape, which implies that the precursors (hydrocarbons) are more likely to sit on the (111) surface. Also, the existence of other facets enables one to consider their role in relation to the diffusion problem of carbons. To understand the role of the facets of the nickel particles, we investigated the adsorption and diffusion of carbon on the nickel surfaces. The (111) and (110) surfaces show relatively weak binding and small activation energies, so the {111} and {110} facets are likely to be more reactive compared to the {100} facet, and will play an important role in the CNT growth.
